The fermentation of fmarate and L-malate by Clostridium formicoaceticum was investigated. Growing and nongrowing celis degraded fumarate by dismutation to succinate, acetate, and C02; on the other hand, only small amounts of succinate were detected when the organism was grown on L-malate. This dicarboxylic acid was mainly converted to acetate and CO2. The fermentation balances were modified if bicarbonate or formate were present in the medium. When C. formicoaceticum was grown in the presence of both dicarboxylic acids, fumarate was consumed before L-malate. The latter was mainly converted to acetate, whereas fmarate was fermented to acetate and succinate. Molar growth yields were determined to be 6 g of dry weight per mol of fumarate and 8 g of dry weight per mol of L-malate fermented.
Clostridium formicoaceticum has been shown to grow on fructose, several hexonic and hexuronic acids, glycerol, pyruvate, lactate, and glutamate as well as fumarate and L-malate (2, 9) . Cells growing on fructose form acetate as the main fermentation product (2) . Acetate is synthesized (i) from pyruvate via acetyl-coenzyme A (acetyl-CoA) and (ii) from CO2 via the tetrahydrofolate-and corrinoid-dependent pathway (19, 27) .
Since there are only a few reports on the fermentation of C4-dicarboxylic acids by clostridia (8, 23, 35) , it was of interest to study the metabolism of fmarate and L-malate by C. formicoaceticum. Several obligate and facultative anaerobes have been reported to couple the electron transfer from H2, formate, reduced nicotmamide adenine dinucleotide (NADH), lactate, or glycerol-phosphate to fumarate with the phosphorylation of ADP (4, 10, 18, 21, 24, 32) . It was, therefore, of special interest whether C. formicoaceticum could form succinate in addition to acetate as the fermentation end product. In the present communication, we show that Lmalate is fermented by C. formicoaceticum to acetate, but fumarate is fermented to acetate and succinate.
MATERIALS AND METHODS
Organism and growth conditions. C. formicoaceticum strain Al ( [2] , ATCC 27076; DSM 92) was grown in a medium similar to that described by Gottwald et al. (11) , except that peptone was omitted and bicarbonate and formate were added only when indicated. The pH of the medium was adjusted to between 8.0 and 8.5. Cells were grown anaerobically at 37°C in 1-liter volumetric flasks or in 3-liter carboys under an atmosphere of oxygen-free nitrogen. Traces of oxygen were removed from N2 by pasing it through a Pyrex column packed with the copper catalyst Aktimet 13 (Doduco Chemie, Pforzheim, West Germany) and heated to approximately 200'C. Samples of the cultures were withdrawn anaerobically. The [1, in one side arm; 0.2 ml of 4 N H3PO in the second side arm; and 0.2 ml of 1.8 N NaOH in the center well. The vessels were gassed with nitrogen from which traces of oxygen were removed, as described above, and shaken for 20 min at 370C before fumarate was added. In two vessels, the fermentation was stopped by addition of phosphoric acid immediately after tipping in the radioactive fimarate. In two other vessels the fermentation of fumarate was allowed to proceed for4 h. Phosphoric acid was added, and vessels were shaken for 1 h. The celLs were sedimented by centrifugation at 10,000 x g for 10 min (40C), and fumarate, succinate, and acetate were enzymatically determined in the supernatant fluids as described below. Samples (0.2 ml) of the supernatant fluids and the NaOH solutions (0.2 ml) from the center wells were transferred into scintillation vials containing 10 (Fig. 1) . Growth of C. formicoaceticum on fructose, however, is strictly dependent on the presence of bicarbonate or formate in the medium (2) .
When bicarbonate was added to an L-malatecontaining medium, growth was slower than in the absence of this electron acceptor (Fig. 1B) , whereas bicarbonate only slightly retarded growth on fumarate within the first 10 h after inoculation (Fig. 1A) . Fig. 1A) . At that time, however, only 20% of the fmarate added to the medium (100 mM) had been consumed by the cells. With the other substrate combinations tested (legend, Fig. 1 ), spores were only occasionaly observed.
The determination of fermentation products formed during growth of C. formicoaceticum on fumarate and L-malate indicated important differences in the metabolism ofthe two substrates. Per 100 mol of fimarate fermented, 66 mol of succinate and 33 mol of acetate were produced (Fig. 2) , whereas L-malate was almost completely fermented to acetate (Fig. 3) . During fumarate fermentation, usually small amounts of L-malate were transiently excreted into the medium, as shown in Fig. 2 (Fig. 4) . The 2 ). The increase of dry weight was plotted against the corresponding fumarate consumption. The concentration of L-malate transiently excreted was subtracted from the fumarate consumed; L-malate taken up again was added to the amount of substrate degraded. In contrast to growing cells of C. formicoaceticum that produced very little succinate from L-malate (Fig. 3) When C. formicoaceticum was grown on medium containing 50 mM each fumarate and Lmate, the former seemed to be the preferred substrate (Fig. 5) ; fumarate was degraded before L-malate. Succinate was only formed during the consumption of fumarate, whereas the subsequent fermentation ofL-malate yielded, predominantly, acetate (Fig. 5) .
DISCUSSION

Several bacteria such as Escherichia coli (28),
Desulfovibrio gigas (25, 26) , Vibrio succinogenes (34) , and Streptococcus faecalis (5) are able to utilize fumarate or L-malate under anaerobic conditions. In most of these organisms, however, a second substrate is required, and the dicarboxylic acids serve as acceptors for electrons that arise from the oxidation of compounds such as formate, molecular hydrogen, glycerol, or glucose (6, 15, 16, 20, 28 (12, 13, 25, 26) .
Reports about dicarboxylic acid metabolism in clostridia are sparse. Woods and Clifton (35) observed that washed cells of Clostridium tetanomorphum fermented fumarate and L-malate. However, the fermentation end products were not identified. Growth of C. tartarivorum on fumarate and L-malate depends on the presence of acetate in the medium (23); C. acetobutylicum only grows on fumarate if the medium contains glycerol in addition (8) .
The dismutation of fumarate to acetate, C02, and succinate, which had already been detected with D. gigas (26) (14), Propionibacterium freudenreichii (7), S. faecalis (30) , Proteus rettgeri (17) , and Bacteroides fragilis (21) . A b-type cytochrome and menaquinone, which have been detected in C. fonnicoaceticum (11) , possibly function as electron carriers in an electron-transport system with fumarate as the terminal acceptor. In many organism, cytochrome b and menaquinone are essential components of the fumarate-reducing electron-transfer chain (32) . LITERATURE CITED
